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Alex N. Halliday 2, 4 The use of hafnium-tungsten chronometry to date the Moon is hampered by cosmogenic tungsten-182 production mainly by neutron capture of tantalum-181 at the lunar surface. We report tungsten isotope data for lunar metals, which contain no 181 Ta-derived cosmogenic 182 W. The data reveal differences in indigenous 182 W/ 184 W of lunar mantle reservoirs, indicating crystallization of the lunar magma ocean 4.527 T 0.010 billion years ago. This age is consistent with the giant impact hypothesis and defines the completion of the major stage of Earth's accretion.
The most widely accepted model for the formation of the Moon involves a catastrophic collision between a Mars-sized body and the proto-Earth. This giant impact most likely occurred during the final stages of accretion and contributed roughly the last 10% of Earth_s mass (1) . As such, the age of the Moon provides the best time marker for the completion of Earth_s accretion. Long-lived chronometers have been used to date ancient lunar rocks to 4.56 Â 10 9 to 4.29 Â 10 9 years ago (Ga) (2-4), but the Moon_s exact age has been uncertain.
Hafnium-182 decays to 182 W with a halflife of 8.9 Â 10 6 years (My) and is well suited to constrain the time of the Moon_s formation (5-7). However, enhanced 182 W/ 184 W in lunar samples (5) largely reflect cosmogenic 182 W added from neutron capture of 181 Ta during the intense cosmic ray exposure of the lunar surface (8, 9) . The large corrections introduce uncertainties that exceed the anticipated 182 W/ 184 W variations produced in the lunar interior, compromising a reliable interpretation in terms of 182 Hf-182 W chronometry. Almost all lunar samples contain small amounts of metal, which is enriched in W and contains no detectable Ta (10) ESupporting Online Material (SOM) Text 1^. Hence, lunar metals should not carry a cosmogenic 181 Ta-derived component. Here, we analyzed these metals to date the formation of the Moon and the crystallization of the lunar magma ocean (LMO) thought to be formed by the giant impact.
Obtaining a Hf-W chronology requires significant variation in Hf/W among the rocks produced in the LMO. The first rocks to crystallize from the LMO consisted mainly of olivine and pyroxene. These were followed by plagioclase-rich cumulates (ferroan anorthosites) that floated to the surface, forming the earliest lunar crust (11) . The end of the crystallization sequence involved the precipitation of ilmenite and clinopyroxene until solidification of the last few percents of the magma ocean (11, 12) . The characteristic features of this residual liquid Etermed KREEP for high contents of potassium (K), rare earth elements (REE), and phosphorus (P)^are its strong enrichment in incompatible elements and its uniform elemental and isotopic composition, resulting from global-scale lunar differentiation (12, 13) . Subsequent melting and mixing among these primary rocks produced the variety observed in the lunar sample suite (11) . For example, mare basalts formed by remelting of early mafic cumulates, which in the case of high-Ti mare basalts included assimilation of ilmeniteclinopyroxene. The redistribution of KREEP during impacts on the lunar surface resulted in the contamination of most highland breccias with KREEP, making KREEP the major carrier of incompatible elements in lunar highland rocks. Hf-W fractionations in the crystallizing LMO result from the high incompatibility of W and the compatibility of Hf in clinopyroxeneilmenite, leading to low Hf/W in KREEP and complementary high Hf/W in the high-Ti mare basalt source (6, 7, 14 We measured the W isotopic composition of eight lunar metals and six whole-rock samples ( Low-Ti mare basalt 15555 shows no resolvable cosmogenic 182 W effects (9) , and its average e W is 1.18 T 0.20 Ethis study and (9)^, identical to the corrected value for the metal of sample 15475 (Fig. 2) . The exposure time of high-Ti mare basalt 72155 is unknown, but the similarity in the metal and whole-rock data in conjunction with a high Ta/W of È20 in the bulk sample suggest only minor cosmic rayinduced shifts in the metal and bulk rock. This is consistent with the fact that the measured e W of the 72155 metal is indistinguishable from the corrected e W of the 79155 metal. High-Ti mare basalts thus have an indigenous W isotope composition (weighted mean e W 0 2.14 T 0.57) that is slightly more radiogenic than that of low-Ti mare basalts (e W 0 1.18 T 0.20) and significantly more radiogenic than that of KREEP (e W 0 0.06 T 0.20) (Fig. 2) .
The 182 W/ 184 W variations require the existence of at least three major lunar mantle reservoirs that acquired their distinct Hf/W ratios during the effective lifetime of 182 Hf. Determination of Hf-W ages requires knowledge of the Hf/W ratios in the source areas prevailing during 182 Hf decay. Measured Hf/W ratios of lunar samples are the complex product of multiple melting events and do not provide a firm measure of the Hf/W ratio in the sources. Age information can be obtained by assuming the maximum range of Hf/W that can have been generated in the source areas. The uncertainties inherent in these estimates have little effect on the robustness of the calculated ages, because these are largely constrained by the well-resolved e W differences.
The range in e W values that could have been produced in the lunar mantle is illustrated in Fig. 3A . The 182 W/ 184 W variations are expressed as the deviation from the bulk LMO as represented by the 182 W/ 184 W ratio of low-Ti mare basalts. Their source region consists of olivine and orthopyroxene cumulates, the crystallization of which did not involve any substantial Hf-W fractionation (14) . This is consistent with the absence of 142 Nd anomalies (from the decay of 146 Sm) in these rocks (16).
Palme and Rammensee (17) estimated U/W 0 1.93 for the lunar mantle, corresponding to Hf/W 0 26.5. This Hf/W ratio is similar to measured values for low-Ti mare basalts (table S1) (5), consistent with limited Hf-W fractionation during melting of olivine-orthopyroxene cumulates (14) .
The relatively low e W of KREEP requires that its source evolved with a Hf/W ratio below that of the low-Ti mare basalt source, consistent with Hf/W È 12 to 19 for the KREEP source (12, 13) . Measured Hf/W ratios of È20 for KREEP-rich samples provide an upper limit to the Hf/W ratio because KREEP constitutes the reservoir with the lowest Hf/W ratio in the lunar mantle; contamination of KREEP with other mantle sources can only have increased the Hf/W ratio. The redistribution of KREEP during impacts on the lunar surface involved no Hf-W fractionation, as indicated by the uniform chemical composition of KREEP. Given the higher in- Table 1 ). The data point for 15555 is a weighted average calculated from the combined data from this study and Lee et al. (9) . (B) e W versus exposure age for lunar metals and whole-rock samples. Exposure ages are from the literature ( Regardless of any uncertainties inherent in the estimated source Hf/W ratio, the latest possible time of differentiation can be obtained by assuming Hf/W 0 0 for the reservoir with the lowest e W (i.e., the KREEP source). This age constraint is independent of any uncertainties in the Hf/W ratio of the KREEP source. If Hf/W 0 0, the 182 W/ 184 W difference between KREEP and low-Ti mare basalts must have been generated no later than È50 My after formation of calcium-aluminum-rich inclusions (CAIs) (Fig. 3 ). This is the latest possible time for differentiation because KREEP likely has Hf/W 9 0, in which case less time is required to generate the e W difference between the KREEP and low-Ti mare basalt sources (Fig. 3) . This age constraint is not very sensitive to uncertainties in the estimated Hf/W ratio of the bulk LMO, because a 50% variation in the Hf/W ratio of the bulk LMO (i.e., from 20 to 33) would result in an uncertainty of only T3 My in the above age estimate. The latest possible time for differentiation in the high-Ti mare basalt source is less well constrained (mainly reflecting uncertainties in the upper limit of the source Hf/W) but is consistent with the È50-My age estimate derived for KREEP (Fig. 3) .
The earliest possible time of lunar differentiation is less well constrained because it must rely on independent estimates of Hf/W ratios in the different reservoirs. However, both the upper limit of Hf/W G 20 in the KREEP source and the lower limit of Hf/W 9 40 in the highTi mare basalt source constrain the earliest possible time of differentiation to È30 My (Fig. 3) . This is consistent with È30-My W model ages for the Moon (18) (19) (20) , which some authors (21, 22) interpret as the earliest possible time the Moon could have formed. This suggests that the upper and lower limits for the KREEP and high-Ti mare basalt sources, respectively, are reasonable.
The preservation of W isotopic variations indicates that there was negligible mixing in the lunar interior since its earliest differentiation, because any W isotopic variability would have been effectively erased by convective overturn in a largely molten magma ocean. Thus, the LMO must have formed and crystallized from 30 to 50 My after the start of the solar system, i.e., 4.537 to 4.517 Ga. Three observations suggest that the observed e W variations directly result from Hf-W fractionation in the final stages of LMO crystallization. First, the W isotopic variations correlate with Hf/W ratios anticipated for fractionation in a crystallizing LMO (Fig. 3B) . Second, KREEP is strongly enriched in W, such that resetting the W isotopic composition of KREEP would require substantial isotopic exchange between KREEP and the other reservoirs of the lunar mantle. It is thus more likely that KREEP preserved the W isotope composition acquired at the final stage of LMO crystallization. Third, mixing of latestage ilmenite-clinopyroxene cumulates with olivine as a result of cumulate overturn (23) would only shift the data point for the high-Ti mare basalt source downward to lower Hf/W ratios and e W values along the reference isochron (Fig. 3B) . However, even if the 182 W/ 184 W variations did reflect post-LMO events, the Hf-W age would still provide the latest possible time for the crystallization of the LMO.
Rapid crystallization of the LMO 30 to 50 My after solar system formation contrasts with models that involve a long-lived (100 to 200 My) magma ocean (24) , implying that the earliest lunar crust was not insulating enough to prevent rapid heat loss (7, 14) . The ferroan anorthosites are regarded as remnants of the earliest lunar crust and if so must have formed before complete solidification of the magma ocean more than before 4.517 Ga. 147 182 Hf/ 180 Hf 0 1.07 Â 10 j4 T 0.10 Â 10 j4 for CAIs (27) on the model applied (particularly on the assumed degree of metal-silicate equilibration during core formation), resulting in age estimates ranging from È30 to 9100 My after solar system formation (20) (21) (22) . In contrast, the Hf-W age of LMO crystallization tightly constrains the age of the Moon and the final stage of Earth_s accretion to 30 to 50 My after the formation of the solar system. The formation of the Moon significantly later than that of asteroids and Mars (18, 27) underpins the Moon_s origin by a unique event, as required in the giant impact hypothesis.
